The properties of the singly resonant and double-pass pump fiber optical parametric oscillators (FOPO) are experimentally investigated. An idler removal filter is utilized to eliminate the idler component in a Fabry-Pérot cavity to minimize the effect of modulation instability. For singly resonant FOPO, the pump is also filtered out and leaves the signal to oscillate in the cavity. For double-pass pump FOPO, the idler removal filter is designed to allow propagation of signal and pump in the cavity. The results show that double-pass pump FOPO brings several important enhancements over the conventional singly resonant FOPO. Among them are the low threshold of 0.247 W with improvement by 51% at 0.45 W pump power. It is also found that the conversion efficiency of the two configurations has no significant difference.
Introduction
The fiber optical parametric oscillator (FOPO) has been slowly gaining popularity due to the fact that it is mostly an all-fiber setup capable of meeting strong demand of coherent light sources in wavelength regions which are not easily available [1] , [2] . Efficient parametric gain can be easily generated at an arbitrary wavelength by using nonlinear fiber medium with suitable dispersion characteristics and an intense pump. By confining the parametric gain inside a nonlinear fiber cavity and providing a seeding mechanism (for the case where pump is positioned in anomalous dispersion region), a parametric laser could be generated across the parametric gain bandwidth.
In recent publications of FOPO, a ring cavity with photonic crystal fiber is demonstrated [3] , [4] . In the proposed structure, the pump, signal, and idler are oscillated simultaneously in the cavity. Based on the previous report, this situation is undesirable because of the phase-mismatch condition that leads to wavelength dependent gain-modulation [5] , [6] . In order to rectify this problem, FOPOs are commonly constructed in such a way that the signal band (seeded laser) is fully/partially confined inside the fiber cavity, while the pump and the idler band are removed from the cavity in each cycle of oscillation [7] - [11] . This particular oscillator design is known as singly-resonant oscillator (SRO). Given the fact that the parametric process in optical fiber is unidirectional [1] and reciprocal [12] , double-pass pump amplification can be deployed to offer an enhanced on-off gain [13] . For ring cavity-based SROs, utilization of tunable bandpass filter (TBF) for lasing signal selectivity impedes the adoption of double-pass pump oscillator (DPO) configuration [7] - [11] . However, this pump technique is suitable to be deployed with a Fabry-Pérot cavity in which the pump and signal are allowed to oscillate in the same cavity as demonstrated in [14] . Nevertheless, the proposed DPO architecture is limited to the C-band laser only due to the restriction of idler removal filter (IRF) structure.
In this paper, we further extend the experimental investigation of the properties of SRO and DPO operating in both C-band and L-band wavelength ranges. The major changes are the design of IRF to cater these two wavelength bands. Their performances in terms of lasing threshold, tunable bandwidth, and stability are quantified and analyzed. Fig. 1 shows the experimental setup that is used to characterize SRO and DPO operations. A FabryPérot cavity design is adopted here so that by properly designing a suitable IRF, the unidirectional and reciprocal properties of FOPO can be exploited, which shall be explained shortly. A tunable laser source fixed at 1560.61 nm is used as the pump source for the FOPO. It is phase-modulated by 4 sinusoidal radio frequency (RF) tones; 100, 280, 910, and 2650 MHz in order to mitigate the effect of stimulated Brillouin scattering [15] . Following the phase modulator (PM) is an erbium-doped fiber amplifier (EDFA), which is able to boost the pump light up to 1 W. An isolator (ISO1) is placed after the EDFA to prevent any backreflected light from entering into it. Then, a TBF1 is used after the EDFA to remove excessive amplified spontaneous emission generated by the EDFA and a polarization controller (PC) is used subsequently to align the state of polarization of the pump light prior to entering the cavity. A 98/2 coupler (C1) is cascaded at the end of the pump path to monitor the actual pump power injected into the laser cavity. Next, there is a 90/10 coupler (C2) to couple 90% pump light into a section of highly nonlinear fiber (HNLF). The characteristics of HNLF are length of 500 m, zero dispersion wavelength at 1557.6 nm, dispersion slope of 0.016 ps/nm 2 /km, nonlinear coefficient of 11.5 /W/km, and attenuation coefficient of 0.82 dB/km. Finally, the IRF is connected to the other end of HNLF. The reflected lights from the IRF are dependent on the design either SRO or DPO (C-band or L-band). This structure forms the Fabry-Pérot cavity for the FOPO. Another TBF2 is inserted in the reflecting circulator (Cir) loop to provide a tunable seeding light for the FOPO. In this experiment, two TBFs are utilized with respect to the desired lasing wavelength range; 1535-1565 nm (C-band) and 1565-1610 nm (L-band). The output from the oscillating light in the cavity is taken out from the 10% arm of 90/10 coupler. Finally, another isolator (ISO2) is placed at the output port to restrict any reflected lights from the output port. All measurements at the output port are carried out using an optical spectrum analyzer (OSA).
Experiment
To realize SRO and DPO operations, four different types of IRFs are inserted in the Fabry-Pérot cavity. Their respective designs and transmission spectra are shown in Fig. 2 . For each FOPO configuration, the developed IRF removes idler in order to mitigate the issue of wavelength-dependent gain modulation [16] . Besides this IRF, a TBF is also employed as the lasing wavelength selector. Simultaneously, this TBF also removes the generated idler when the seed signal propagates in the opposite direction (from IRF to TBF). When a C-band TBF is used in the experimental setup, IRF1 (as reported in [14] ) and IRF2 (new) will be deployed. The C-band TBF used is capable to be tuned from 1535 to 1565 nm with full width half maximum (FWHM) of 0.4 nm. Referring to Fig.  2 (a) and 2(b), the C-band signal is reflected by connecting the C-band leg of C/L-band wavelength division multiplexer (C/L-WDM) to a mirror (M). Based on this structure, the L-band idler (generated when the seed signal travels from TBF to IRF) is removed. Proper termination at the L-band leg of C/L-WDM is made to avoid any back-reflection into the cavity. In this case, IRF1 and IRF2 allow C-band seed to oscillate in the cavity while blocking idler generated in the L-band in every oscillation cycle. The difference between these two filters is that IRF2 has an extra ITU filter cascaded to the C/L-WDM. The ITU filter acts as a notch filter with a 3-dB bandwidth of 100 MHz centered at 1560.61 nm, which coincides with the pump wavelength used in the experiment. In short, IRF1 is specifically design for C-band DPO operation because it allows C-band seed and pump to oscillate in the cavity as reported in [14] , while IRF2 is meant for C-band SRO operation because it allows only C-band seed to oscillate in the cavity whilst suppressing the pump. In DPO operation, the parametric pump literally passes the HNLF spool twice, and this means the effective interaction length is twice the physical length of the HNLF.
It is also interesting to observe DPO and SRO operations in L-band, where the stimulated Raman scattering (SRS) process is dominant. The same concept is applied in IRF3 and IRF4 structures, where these IRFs ensure DPO and SRO operations in L-band respectively. An L-band TBF with tuning range 1565-1610 nm and FWHM of 1.2 nm is employed. The IRF4 structure is the same one as reported in [14] . For the new IRF3 structure, the C-band leg of C/L-WDM is connected to the 1560.61 nm transmission leg of ITU filter. By having this arrangement, the pump at 1560.61 nm wavelength and C-band idler are allowed to pass through the C/L-WDM. However, after propagating through the ITU filter, the C-band idler is removed. Under this scenario, the ITU filter acts like a narrow bandpass filter at 1560.61 nm in the C-band wavelength range. In IRF3 structure, the L-band seed is allowed to propagate bidirectionally to form a complete oscillation. It is worth to note that all the IRFs have insertion loss ranging between 4.3 dB to 5.5 dB due to the use of various passive optical components in the light propagation path. Ultimately, this brings the final trip loss to between 20.3 dB to 22.4 dB for both architectures. Fig. 3(a) and 3(b) show the output spectra comparison of the IRFs-incorporated FOPO in operation for SRO and DPO architectures, both pumped at 0.45 W with 1560.61 nm pump wavelength. From these two spectra, FOPO laser tunable bandwidth is improved with the DPO scheme for both C-and L-bands. Nevertheless, for the C-band FOPO, the overall laser peak power is not enhanced by DPO scheme, which is believed to be due to back-energy conversion from the signal to the pump [17] , [18] . On the other hand, for the L-band DPO, the laser peak power is improved owing to the longer interaction length to promote more Raman gain [19] . For further investigations, performance parameters of the SRO and DPO scheme will be quantified in terms of threshold, conversion efficiency, and tunable bandwidth.
Results and Discussions
A FOPO threshold is reached when G s T = 1, where G s is the parametric gain, and T is the transmissivity of the seed signal in the oscillator [1] . While the parametric gain depends on the gain medium parameters and pump power, the seed signal transmissivity is dictated by the passive optical components that contribute to the cavity confinement loss. Since the DPO method effectively lengthen the usable length of the fiber medium and, therefore, improve G s , it is rational to predict that the double-pass pump FOPO would have lower lasing threshold power as compared to the SRO method under the same transmissivity condition. Overall, the threshold power in DPO FOPO is lower than the SRO FOPO. Here, the threshold power improvement is defined as the difference of threshold power between SRO and DPO and divided with the SRO threshold power. Fig. 4 (a) and (b) depicts the FOPO peak power versus pump power increment for two laser seeding wavelength set at 1546 nm (C-band) and 1575 nm (L-band), while the pump wavelength is fixed to 1560.61 nm. The seed wavelengths are chosen at the parametric peak gain regions, one is at the anti-Stokes side of Raman region (C-band seed) and the other is at the Stokes side of Raman region (L-band seed). The improvement can be calculated and is summarized in Table 1 .
Both DPO and SRO schemes exhibit almost similar rising pattern with slight different threshold values. By comparing to SRO, the lasing threshold is improved in the DPO scheme for both C-band and L-band, owing to longer interaction of fiber length in the scheme. However, for the C-band laser case, the DPO peak power is lower by more than half of the SRO peak power, but it is vice-versa in the case of L-band FOPO. From these findings, the SRS effect plays a significant role in the observed phenomenon. For the case of C-band laser in Fig. 4(a) , the DPO laser peak power is much lower than that of the SPO. In this lasing region, the parametric gain is dominant, and therefore, the back-energy conversion is occurred as reported in [17] and [18] . This inevitable process of laser transferring its energy back to the pump leads to the difference of peak power between DPO and SRO. The longer fiber length in DPO scheme has caused the C-band laser reaches its saturation region more quickly around 0.47 W and then, extended to the back-energy conversion state. Obviously the C-band laser in SRO case poses higher saturation threshold (and also lasing threshold) due to having shorter fiber length, thus the back-energy conversion only happens after 0.7 W of pump power. On the other hand, for the case of L-band laser as illustrated in Fig. 4(b) . Based on the experimental findings, the laser saturation points are around 0.5 W for both DPO and SRO schemes. The lasing process in DPO scheme is strongly influenced by SRS effect and the seeding process is initiated from the parametric gain. From Fig. 4(b) , the peak power drops when pump power is greater than 0.5 W to operate in the parametric back-energy conversion region. For the SRO scheme, due to shorter fiber length, the Raman gain strength is reduced and the parametric gain is dominant. The SRO parametric laser, assisted by relatively lower Raman gain, quickly reaches its saturation point (0.5 W) and then enters the back-energy conversion stage. From these results, the lasing operation can be optimized at the saturation point in order to avoid any decrement of peak power due to the back-energy conversion process. efficiency of the FOPO laser is defined as the output laser power divided by the total input pump power. The laser output power is measured by using OSA power measurement function, which calculates the laser power by integrating the spectrum of the FOPO laser over 10 nm. The pump power is taken from the 98% output arm of the pump monitoring coupler.
Overall, the conversion efficiency of laser in both configurations is not greater than 0.7%. Besides, the majority of loss is originated from the cavity coupler, which directly reduces the oscillating power, the low conversion efficiency is also due to the other passive components in the cavity as well. Fig. 5(a) shows the black-box conversion efficiency of the C-band FOPO for both SRO and DPO have no significant difference (approaching to 0.1%). This can be attributed to the fact in the Raman anti-Stokes region, the parametric lasing process is dominant. On the other hand, Fig. 5 (b) depicts relatively much higher conversion efficiency of the L-band FOPO, which is above 0.6% and 0.2% for the case of DPO and SRO, respectively. In the presence of Raman scattering, the DPO laser has higher conversion efficiency than the SRO laser, due to its longer fiber interaction length. These findings are very similar to the ones reported in Raman-parametric laser with chalcogenide microwire [20] . Fig. 6 illustrates the DPO/SRO laser at different wavelengths with variation in pump powers. The tunable wavelength range becomes wider with higher level of pump power, which is prominently contributed by wavelength longer than 1585 nm where the SRS is dominant. From the earlier section, the DPO configuration lowers the lasing threshold level. Hence, as the pump power increases, the DPO laser reaches saturation state faster than SRO. As the pump power continues to increase, there is a slight power drop in the parametric dominant region (1560-1585 nm) while the laser power in the Raman dominant region (>1585 nm) rises accordingly. This happens because the IRFs (whether it is double-pass or single-pass) allow not only the parametric band to oscillate in the cavity, but also the Raman band. In the case of SRS initiation, a portion of the pump power is drawn by the Raman band and thus the gain in the parametric band depletes. This competition can be controlled by using a shorter length of fiber medium or suppressing the Raman band oscillation in the cavity. Note that due to the excessive insertion loss of IRF, a laser tuning dead zone of 12 nm centered around the pump (1556-1568 nm) is observed from the proposed laser structures.
Peak power stability is also investigated in order to assess the impact of the non-polarization maintaining structure towards the polarization-sensitive parametric oscillation. The test was performed for a period of one hour in a temperature-controlled (25°C) and stable environment, leading to the observation in Fig. 7 , which demonstrates the normalized peak power for both SRO and DPO configurations. The pump power is fixed at 0.45 W and the laser under examination is at 1546 nm and 1575 nm. These two wavelengths are chosen because they fall inside the parametric peak gain region. Overall, the ripple of the FOPO peak power is found to be within ±1.5 dB.
Conclusion
In conclusion, a comprehensive experimental investigation on a Fabry-Pérot FOPO is presented in this report. A set of properly designed IRFs is incorporated into the FOPO cavity to mitigate the wavelength-dependent gain modulation and simultaneously provide control over the pump flow direction in fiber gain medium. Experimental results show that the DPO configuration exhibits lower lasing threshold with 51% improvement compared to the SRO. Owing to this observation, the saturation is achieved faster in the DPO that leads to the greater tuning range as compared the SRO. From the findings, the SRS coexistence in the FOPOs reduces the parametric gain and at the same time altering the lasing saturation condition. We believe that these findings would provide significant insight to FOPO designer in various applications.
